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57] ABSTRACT

A high-speed precision positioning apparatus has a stage
supported by a platen. The stage 1s driven by a plurality of
drive motors that are co-planar with the stage and arranged
symmeftrically around the stage. The drive motors apply
drive forces directly to the stage without any mechanical
contact to the stage. The drive forces impart planar motion
to the stage 1n at least three degrees of freedom of motion.
In the remaining three degrees of freedom the motion is
constramned by a plurality of fluid bearings that operate
between the stage and the platen. The drive motors are
configured as magnets, attached to the stage, moving 1n a
cgap formed in-between top and bottom stationary coils.
Integral force cancellation 1s implemented by a force can-
cellation system that applies cancellation forces to the stage.
The cancellation forces, which are co-planar with a center of
oravity of the stage and any components that move with the
stage, cancel forces generated by planar motion of the stage.
Interferometric encoders are used as position detectors.

62 Claims, 9 Drawing Sheets
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HIGH-SPEED PRECISION POSITIONING
APPARATUS

BACKGROUND OF THE INVENTION

This 1invention relates to high-speed precision positioning,
apparatuses useful for processing of devices such as semi-
conducting wafers, for micro-scale experimentation, or for
high resolution electron microscopy of biological or other
samples.

Semiconductor processing equipment often requires high-
precision positioning of a silicon wafer. Large-size wafers
with very small features often require high-precision posi-
fioning combined with a large range motion of the wafer
stage that supports the wafer.

In addition to high precision and a large range motion,
high-speed scanning 1s useful for achieving high manufac-
turing throughput.

A typical example of semiconductor processing equip-
ment 1s a laser used in microlithography. Certain traditional
systems for semiconductor laser processing include a trans-
lation stage that can support the water and move 1t under a
fixed laser beam. The wafer-supporting translation stage
may move along the X or Y directions, for example.

In certain processing equipment a linear motor and a
bearing system are used to move the waler-supporting stage
along a rail in the X-direction. To move the waler-supporting
stage 1n the Y-direction an intermediate rail 1s used that
carries the rail and the wafer-supporting stage in the
Y-direction while allowing the water-supporting stage to
slide along the rail in the X-direction.

In addition to drive motors, various moving parts,
bearings, and wafer, the water-supporting stage may carry a
position detector. The position detector may be a laser-
distance interferometer that 1s usually heavy, and requires
environmental shielding of the optical path and slow motion
in order to achieve high accuracy readings.

Hollis, U.S. Pat. No. 5,153,494, describes an apparatus
capable of moving light loads in X, Y, and yaw (rotation
around the Z axis) in limited range and with high speed.
Vibrations of the stationary portions of the apparatus are
reduced by a momentum-canceling design. The momentum
canceling design mncludes, 1n addition to the movable wafer-
supporting stage, a non-coplanar moving element that
moves 1In a momentum canceling manner with respect to the
movable waler-supporting stage. The motors include fixed
permanent magnets and coils that are attached to the wafer-
supporting stage and move along with the wafer-supporting
stage.

Trumper, U.S. Pat. No. 5,196,745, describes an apparatus
capable of providing movement in the 200 to 300 mm range
in one or two degrees of freedom and having precision
control 1n the 10 nm range in the remamning degrees of
freedom. Linear motion of the wafer-supporting stage 1is
provided by a motor having an array of permanent magnets
attached to the movable wafer-supporting stage and a fixed
array of commutating coils attached to the stator. The
commutating coils have coupled magnetic flux lines. Cur-
rent 1s allowed to flow only 1n those sections of the array
where the motion takes place, in order to reduce energy
losses 1n the coils. The motion 1s facilitated by magnetic
bearings.

SUMMARY OF THE INVENTION

In one aspect, the invention features a device positioning,
apparatus having a stage configured to support the device, a
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2

platen supporting the stage, and a plurality of drive motors,
co-planar with the stage and arranged around the stage, that
apply drive forces directly to the stage without any mechani-
cal contact to the stage. The drive forces impart planar
motion to the stage 1n at least three degrees of freedom of
motion. A plurality of fluid bearings operate between the
stage and the platen and constrain the planar motion of the
stage 1n all remaining degrees of freedom. A controller
connected to the drive motors controls operation of the drive
motors. Each drive motor has a top stationary coil, a bottom
stationary coil, and a movable magnet adapted to move 1n a
ogap of predetermined length formed 1n-between the top and
bottom stationary coils.

The arrangement according to the invention makes it
possible, 1n certain embodiments, for there to be only one
monolithic movable part. This arrangement allows the stage
to be made very stiff, which in turn promotes use of very
high servo gains in the controller. Benefits of this arrange-
ment can include good precision, fast settling time, and
small servo-tracking error.

Because the motors are provided 1in a movable magnet
conflguration, the drive coils can remain stationary, thus
climinating any need to attach leads to the movable stage.
This arrangement i1mproves the reliability of the coils,
because their leads are not flexed.

In some embodiments the stage may be a small-motion
stage, and the apparatus may include a large-motion stage
that moves on a plane parallel to a plane of motion of the
small-motion stage. This arrangement allows a heavy load
processing equipment, e€.g., laser, to be carried by a low
performance large-motion element that can scan the full
range of the wafer. The light load wafer can be supported by
a high-precision, high-speed, small-motion stage that scans
the small range of the mndividual devices on the wafer.

In another aspect, the mvention includes a force cancel-
lation system that applies cancellation forces to the device
positioning apparatus. The cancellation forces are co-planar
with the center of gravity of the stage and any components
that move with the stage and cancel forces generated by the
planar motion of the stage. Because both the drive forces and
cancellation forces are on the same plane, no net moments
are created out of the plane that may cause deflections in the
stage and may result in lower precision. This planar con-
figuration results 1n high servo loop stifiness, a fast settling
time, and high precision.

In another aspect, the invention features a position detec-
tor that includes at least one interferometric encoder. The
encoders are 1nsensitive to environmental disturbances such
as change 1n temperature, humidity, or barometric pressure,
thus reducing the need for controlling the ambient environ-
ment of the positioning apparatus and thereby reducing cost.
Interferometric encoders can be relatively inexpensive, have
low weight, and can be configured in a moving grid
configuration, which keeps the read head electronics and
associated leads stationary. Reliability can be improved by
climinating lead flexing with movement of the stage.

In another aspect, the invention features a controller that
controls the operation of the drive motor and includes a
trajectory planner that receives a description of a desired
trajectory, produces stage drive commands and force can-
cellation commands for the drive motors and the force
cancellation system, respectively, and compensates for
phase lag between the stage drive commands and the force
cancellation commands. The controller also includes a digi-
tal controller that receives commands from the trajectory
planner and feedback signals, and compares the feedback
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signals to the commands and generates correction signals for
the drive motors.

Other features and advantages of the invention will be
apparent from the following detailed description, the
drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a side view of a wafer positioning apparatus
according to an embodiment of the invention.

FIG. 2 1s a perspective view of the waler positioning
apparatus and the drive and force cancellation motors of the
apparatus of FIG. 1.

FIG. 3 1s a perspective view of the stage of the wafer
positioning apparatus.

FIG. 4 1s a cross-sectional side view of part of the stage.

FIGS. § and 6 are diagrammatic views ol the stage
moving 1n the X-direction.

FIG. 7 1s a side view of a portion of the stage and a portion
of a drive motor.

FIG. 8 1s a view of the bottom surface of the stage.

FIG. 9 1s a drawing of an interferometric encoder used in
connection with the wafer positioning apparatus of FIG. 1.

FIG. 10 1s a drawing of portions of the interferometric
encoder, showing an optical path signal.

FIG. 11 1s a schematic representation of three detector
arrays ol the interferometric encoder, as well as detector
array signals, and an interference pattern associated with the
detector arrays.

FIG. 12 1s a block diagram of a stage control system that
can be used to control the stage of the apparatus of FIG. 1.

FIG. 13 1s a block diagram of a digital controller of the
stage control system of FIG. 12.

DETAILED DESCRIPTION

Referring to FIG. 1, a semiconductor waler positioning,
apparatus 100 according to the mvention includes a small-
motion X-Y stage 102 that can be used to support, for
example, a semiconductor wafer 106. Stage 102 1s capable
of moving the water 106 over a small field 1n the X and Y
directions. In one example the field size 1s 35x35 millimeters
square and the precision of the motion 1s 10 nanometers.

Stage 102 1s supported by a platen 104. Air bearings 1444
to 144d operate between the stage and the platen. The
stage/platen assembly 1s placed on an optical table 124,
which 1s mounted on vibration isolated legs 122.

Two large-motion stages 108 and 110 move an equipment
box 116 along the X-axis and along the Y-axis, respectively.
In one example, the large motion field size 1s 300x300
millimeters.

The equipment box 116 may contain a microlithography
laser 118, an inspection lens system 120, or other processing
equipment. The combination of the stacked stages 102, 108,
and 110, provides de-coupling of the large motion for the
heavy load processing equipment 118, 120 from the high-
speed and high-precision small motion for the light stage
102 that supports the wafer.

Stage 102 1s movable 1 the X and Y directions, driven by
two pairs of drive motors 1124, 112¢, and 1125, 1124,
respectively (FIG. 2). The four drive motors lie on the same
plane as the stage and are arranged symmetrically around the
stage on opposite sides of the stage. They provide drive
forces directly to stage 102 without any mechanical contact.
In addition to the X and Y motion the motors can rotate the
stage around the Z direction (yaw).
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4

Referring to FIG. 3, stage 102 has four wings 130a to
130d. At the free end of each wing, e.g., 1304, there are two
oppositely magnetized permanent magnets, €.g., 1324 and
134a. The permanent magnets are placed m a gap 160
formed between two stationary coils 140 and 142 (FIG. 4).
The stationary coils are formed on the surfaces of a mag-
netically permeable material 138, which acts as a return
plate for magnetic flux lines 150 originating from the
permanent magnets (FIG. 7). The permanent magnets form
the armature of the motor and the stationary coils with the
return plate form the stator part of the motor. Because a
current 1s applied to the stationary coils, a force 1s induced
that acts on the permanent magnets, causing them to move
together with the stage. In one example, the permanent
magnets may be Iron Neodymium Boron and the magneti-
cally permeable material may be soft 1ron.

Referring to FIGS. § and 6, the dimensions of the coils of
the four motors are chosen to be wide enough so that any
movement in one¢ direction (e.g., X) will maintain the flux
lines of the permanent magnets in the other direction (e.g.,

Y) fully coupled with the coils.

In the moving magnet configuration, the point at which
the drive force 1s applied to each wing of the stage remains

stationary relative to the center of the movable stage. This
arrangement results in a simple servo controller.

With reference to FIG. 2, four drive motors are used to
drive stage 102. In other embodiments three or more than
four motors may be used (three motors constitute the mini-
mum need to control three degrees of freedom). The four-
motor configuration can also utilize the minimum coil size
necessary to cover a rectilinear field size. A short coil length
results 1n low power losses.

With reference to FIGS. 4 and 7, the drive coil 1s split into
two coils: top coil 140 and bottom coil 142. The two coils
140, 142 may be connected 1n series or 1n parallel, or may
be driven independently of each other 1n order to provide
control over the forces generated by the two halves of the
drive coil. This arrangement can be used to create small roll
(rotation around the X axis) and pitch (rotation around the Y
axis) motions in addition to the X, Y and yaw. Active control
of roll and pitch motions can be used to compensate for
impertections in manufacturing tolerances that could lead to
misalignment of the stage while ensuring that no net
moments are applied to the air bearings 144a—144d (FIG. 8)
as a result of motor forces. If coils 140, 142 are driven
independently of each other, the ratio of current in top coil
140 relative to the current 1n bottom coil 142 can be
confrolled so as to ensure that the resultant net force is
applied 1n the plane of the center of gravity of the moving
components.

Heat 1s generated at the coils 140, 142. Because the coils
are bonded to the magnetically permeable material 138, they
can be cooled without disturbing motion of the stage and any
precision metrology that may be embedded 1n the stage.

The stators, including the top and bottom coils 140, 142
and the magnetically permeable material 138, are kinemati-
cally mounted to the platen. This construction allows the
stators to change size due to thermal expansion without
stressing the platen, and reduces heat conduction from the
stators to the platen, thereby allowing the temperature con-
trol of the stators to be simple and inexpensive. In an
alternative construction, the platen 1s kinematically mounted
to a sub-frame that 1s allowed to expand thermally without
alfecting precision metrology.

Referring to FIG. 8, air bearings 144a to 144d operate
between the bottom surface 170 of stage 102 and the top
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surface of platen 102. The stiffness of the air bearings 1is
improved by pre-loading the bearings with a vacuum 146
drawn 1n the gap 180 between stage 102 and the platen 104,
as shown 1n FIG. 1. Because the air bearing stiffness 1s
controlled, the small-motion stage 1s constrained in the Z

direction and with respect to rotation around the X-axis
(roll) and around the Y-axis (pitch).

A1r bearings provide a frictionless support between the
stationary platen and the stage that 1s free of high-spatial
frequency kinematic errors. A one-time metrology process
can c¢asily map the small amplitude of built-in form errors
that do exist 1n the platen.

™

The movable magnet configuration facilitates a large fluid
bearing pre-load by offsetting the magnets 1n the vertical gap
between the drive coils and return flux paths. The extra
pre-load provided by the magnets contributes to improved
bearing stifiness, which has the benefits of good precision,
fast settling time, and small servo-tracking errors.

The plane of action of the drive motors 1s matched to the
plane containing the center of gravity of the moving com-
ponents. Forces that drive the center of gravity of the
moving components do not cause undesirable deflections of
the fluid bearings. The de-coupling between drive forces and
fluid bearing deflections improves servo loop stiffness and
reduces the time required to achieve high precision follow-
Ing an acceleration.

The air bearings are not over-constrained. An over-
constrained air-bearing 1s difficult to manufacture due to
precise tolerances that must be maintained over relatively
large distances. Because the bearings do not require preci-
sion tolerances 1n their manufacture, their cost can be low.

One method of position feedback 1s based on the use of
interferometric encoders 136a to 1364 placed at the bottom
surface 170 of the stage, as shown 1 FIG. 8. Referring to
FIG. 9, an interferometric encoder includes a two-
dimensional encoder grid 182, a sensor head 184, and a
connector 186 connecting the sensor to an interface card
188, which plugs into a computer (not shown). The two-
dimensional grid 182 has a 10-micrometer scale etched on
borosilicate glass. The grid 1s attached to the movable stage.
The sensor head 184 1s attached to the platen and includes,
as shown 1n FIG. 10, a laser diode source 192, lenses 194,
prism-mirrors 196, and detectors 198a, 198b. The optical
path between the grid and the sensor head 1s enclosed. The
laser 192 directs a light beam 200 focused through the lenses
194 to the grid 182. The beam 200 1s diffracted by the grid
and interference patterns 202a and 2025 are formed from the
two separate dimensions of the grid. Each of the two
interference patterns 202a and 2025 1s imaged onto detector
arrays 198a and 198b. The detector arrays generate signals
that can be processed to make accurate phase measurements.
When the diffraction grating moves relative to the sensor
head the interference patterns move across the detector
arrays, generating, as shown in FIG. 11, signals R, S, and T,
which are 120 degrees apart 1n phase. These signals are
clectronically processed by a computer to provide accurate
measurement of the phase. This technique results 1n phase
resolution of 1 part in 2'%, which corresponds to a length
resolution of 0.3 nm.

The interferometric encoders may be manutfactured by,

for example, Micro E (Massachusetts) or Optra, Inc.
(Topsfield, Mass.).

The encoders are insensitive to environmental distur-
bances such as change in temperature, humidity, or baro-
metric pressure, thus eliminating any need for controlling
the ambient environment of the wafer positioning apparatus
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and thereby providing low cost. The enclosed optical path
for the encoders beneath the stage 1s free of turbulence, thus
allowing the positioning electronics to operate at a high
bandwidth, which allows higher servo loop stifiness.

Interferometric encoders are relatively inexpensive, have
low weight, and are configured in a moving grid
conflguration, which keeps the sensor head electronics and
associated leads stationary. Because there 1s no lead flexing
with movement of the stage, reliability i1s high.

The precision of the encoders 1s locked into the encoder
orid. There may be errors in the grid, but these errors can be
measured once and the correction can be part of the metrol-
ogy control system. A look-up table that 1s established once
when the wafer positioning apparatus 1s assembled can
casily correct the grid errors.

Position feedback may also be implemented by conven-
tional laser interferometer means.

In order to cancel forces caused by the movements of the
stage, a force cancellation system 1s provided as an integral
component of the wafer positioning apparatus. Referring
again to FIG. 2, the force cancellation system includes four
force cancellation motors 1144 to 114d co-planar with stage
102 and arranged around the stage. The cancellation motors
apply cancellation forces to stationary portions of the wafer
positioning apparatus, which are directed opposite to the
forces generated by the planar motion of the stage.

Integral force cancellation allows much higher accelera-
fions and less wait time after acceleration intervals and
before full system accuracy is achieved. The force canceling
capability also helps to prevent the stage from shaking any
precision components that move with the stage.

The plane of action of force cancellation 1s also located 1n
the same plane that will contain the center of gravity of the
moving parts of the apparatus (stage 102 combined with any
component that the stage i1s designed to support and move).
Because both the drive forces and cancellation forces are on
the same plane, no net moments are created out of the plane
that may cause deflections in the stage and may result in
lower precision. This planar configuration results in high
servo loop stifiness, fast settling, and high precision.

Referring to FIG. 12 the main components of control
system 50 are the trajectory planner 200 and the digital
controller 210.

The trajectory planner 200 receives a description of a
desired trajectory 202 and produces set points for the stage
position servo, and the corresponding force feed-forward
commands for both the stage drive motors 230 and the force
cancellation motors 240. The trajectory planner 1s config-
ured to compensate for phase lag between the stage drive
feed-forward commands and the force cancellation feed-
forward commands.

The digital controller 210 receives the stage position and
feed-forward commands 204 for the drive and force cancel-
lation motors from trajectory planner 200. The digital con-
troller 210 also receives feedback signals 244, 234, and 211
from force cancellation sensors 242, stage position sensors
232, and drive motor analog controllers 212, respectively.
The digital controller processes the sensor signals 242, 234,
and 211 to determine the state of the wafler positioning,
apparatus, compares the state to the desired state, and
generates the proper correction signals 213 and 215, which
are applied to analog controllers 212 and 214. The digital
controller also provides the state information 246 to a
parameter estimator 220.

Analog controllers 212 and 214 control the currents to
stage drive motor coils 216 and the force cancellation motor
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colls 218, respectively. Drive motor analog controller 212
provides a drive motor feedback signal 211 to the digital
controller. Drive motor feedback signal 211 1s an estimate of
the velocity of the stage calculated using a model of the
drive motor and measurement of the drive coil voltage and
current.

Analog controllers 212 and 214 provide relatively large
currents 224 and 222 required to drive the linear drive and
force cancellation motors, respectively. Each analog con-
troller has linear dual output stages. The dual output stages
can be connected 1n parallel to provide double the drive

current mto a low impedance coil. The dual outputs can also
be driven 1n a master/slave configuration in order to drive the
top/bottom coils of each stage drive motor. In one example,
the slave output may deliver a multiple between 0.95 and
1.05 of the current delivered by the master. This fixed ratio
can be adjusted to compensate for manufacturing tolerances
in the wafer positioning apparatus and the drive motors and
thereby ensure that the net drive force applied by each drive
motor 1s applied at the center of gravity of the moving
components.

The digital controller receives stage position feedback
234 from stage drive system 230 through four channels of
position sensors 232 (encoders or interferometers). Because
the stage has only three degrees of freedom, one channel of
feedback 1s redundant. This redundancy 1s exploited 1n the
digital controller to derive a best-fit estimate of stage posi-
fion and also to provide an estimate of the quality of the
sensor signals. The quality of the sensor signals 1s stmply the
residual between the best-fit estimate of stage position and
the four measurements from which the fit was estimated.
The digital controller software monitors the quality mea-
surement and will execute shutdown procedures if the
quality exceeds preset limits.

Vibration sensors 242 (either geophones or
accelerometers) are included on the wafer positioning appa-
ratus to monitor the force cancellation performance. A
calibration system 260 monitors the force cancellation per-
formance during the manufacture of the wafer positioning
apparatus and adjusts the feed-forward gains 208 (static
parameters).

A parameter estimator 220 1s also provided in the con-
trolling software. The parameter estimator 220 looks at the
desired trajectory and the actual state variables of the stage
drive system and force cancellation system and derives an
improved estimate 206 of the parameters to be used by the
trajectory planner 200. The goal of the parameter estimator
1s to drive the dynamic error of the stage to be near zero at
all imes. For this condition to occur, the trajectory planner
200 must provide force commands that correspond nearly
perfectly to the desired position trajectory. Nearly perfect
correspondence requires excellent knowledge of amplifier
gains, stage mass, motor location relative to the stage, and
similar parameters. Errors 1n the model of the wafer posi-
fioning apparatus may lead to tracking errors when the stage
executes a motion profile. As the system model gets better,
due to operation of the parameter estimator 220 leading to
continuous improvement in accuracy of the model, the stage
will execute a trajectory with less settling time. In addition
to improved performance, the limits on tracking errors can
be set ever tighter 1n the digital controller as the model 1s
improved. Very tight tolerances on tracking errors allow the
digital controller to detect errors, collisions, or other unan-
ficipated events faster, which ensures good safety of the
system.

The calibration system 260 measures and corrects geo-
metric errors 1n stage position sensors 232 and establishes
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baseline parameter values that will be subsequently
improved by the parameter estimator. The calibration system
260 can also be used to make off-line calibration. For off-line
calibration the calibration system 260 may use additional
sensors and software.

The trajectory planner 200 1s designed to perform specific
tasks. For the task of re-positioning a semiconductor ele-
ment for the purpose of memory repair, for example, the
frajectory 1s specified as a sequence of segments. The
secgments 1include a Position/Velocity/Time segment, and a
Cruise-velocity/Distance segment.

The Position/Velocity/Time segment specifies 1nitial and
final position and velocities and the time allotted to perform
the movement. The trajectory planner determines the posi-
tion and corresponding force profiles necessary to satisiy the
end-point conditions. The path taken along the movement 1s
not constrained. A special condition of zero time indicates
that the trajectory planner should use the minimum time
necessary for the movement subject to actuator or other
limitations.

The Cruise-velocity/Distance segment 1s used to perform
most processing operations. Only the length of this segment
1s specified. The velocity for the segment 1s specified by the
endpoint of the preceding segment. The Cruise-velocity/
Distance segment cannot be the first segment 1n a trajectory.
Processing commands may be linked to the Cruise-velocity/
Distance segment type.

Other types of segments may be used 1n other applica-
fions.

The trajectory planner 200 expands a trajectory specified
as an ordered list of trajectory segments ito a list of
trajectory points that will be 1ssued at a predetermined
update rate to the digital controller. The trajectory planner
operates 1n near real-time at a slight preview interval to the
actual motion. A trajectory buffer 300 (FIG. 13) exists
between the trajectory planner, the digital controller and the
parameter estimator. The trajectory buffer 300 allows the
rate of execution of the trajectory planner to be de-coupled
from the digital controller rate. The trajectory planner must
run suificiently often to ensure that the trajectory builer is
never empty. There 1s a very slight delay at the start of a
motion sequence that allows the trajectory planner to get far
enough ahead of the digital controller that the buffer will not
be empty. After the initial start-up delay (a few
milliseconds), the time required to perform a motion 1is
completely dependent upon the physical limitations of the
hardware. There are no further software 1nduced delays in
the system.

The trajectory planner uses closed-form motion profiles 1n
order to construct the trajectory segments. In one example,
a linearly varying cycloidal acceleration profile 1s used for
small motion 1n order to 1mplement a Position/Velocity/
Time segment type:

AO)=(sin(m*/T)*(k_+k,*1)

Where:
A 1s Acceleration profile (or equivalently, force profile)

k and k, are profile constants that are used to match
trajectory endpoints

T is segment duration (time)

t 1s time (independent variable)

This profile 1s a smoothly changing force proiile over the
course of the segment and has sufficient flexibility to meet
the end-point constraints of the trajectory segment. Because
the profile 1s smooth, the feed-forward force signals that
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correspond to the profile are smooth too. This result is
beneficial because the feed-forward force signals are applied
directly to the amplifiers and motors without additional
filtering. Because the feed-forward force signals are applied
in an open-loop configuration, the dynamics of the wafer
positioning apparatus do not influence the applied force
signals, thereby providing dramatically simple system
dynamics.

Referring to FIG. 13 the key elements of the digital
controller 210 are a trajectory bufler 300, a command buifer
interface 302, a monitor buffer interface 304, a feedback
transform 306, an error detection block 308, a control law
310, an output transform 314, and a motor state feedback
block 312.

The trajectory planner passes trajectory commands to the
digital controller via trajectory buftier 300. Also, the digital
recorder passes back data to parameter estimator 220 via
trajectory buifer 300. This arrangement i1s 1mplemented
using a block of shared memory that can be accessed by both
the low level processor (digital controller) as well as the
higher level processor (trajectory planner and parameter
estimator).

The command buffer interface 302 extracts force feed-
forward and position set-pomnt commands from trajectory
buffer 300 and uses them 1n each update of the digital
controller.

Monitor buffer 304 enters state information to parameter
estimator 220 by inserting the measured data into trajectory
buffer 300.

Four channels of stage position are measured through
stage sensor interface 316. The four sensor readings are
converted 1nto a best fit estimate of the three degrees of
freedom stage position (X, Y, yaw) by feedback transform
306. The quality of the sensors 1s also computed and
monitored, along with additional measurements from the
amplifier, by error detection block 308. Error detection block
308 1nitiates shutdown procedures whenever a failure 1s
detected based on out-of-limits measurements. Shutdown
may be initiated for poor sensor quality (e.g., excessive
residuals in the feedback transform), if the position error
exceeds a preset limit, if the estimated stage velocity
exceeds a preset limit, and if the motor temperature or
current exceeds a preset limiat.

Control law 310 receives as mput a three-degree-of-
freedom position error signal and additional state informa-
fion from the motors and produces three force commands
that are designed to drive the tracking error to zero. The
three forces resulting from control law 310 are transformed
by output transform 314 into a minimum power vector that
1s applied 1in the moving magnet coordinate system by the
four stage drive motors. The error forces are summed, 1n the
moving magnet coordinate system, with the feed-forward
force commands coming directly from the trajectory buffer.
The resulting vector sum of forces 1s sent to the four analog
controllers.

Stage motor state feedback block 312 monitors feedback
from the analog controller. Monitored variables include
motor current, armature velocity, and stator temperature.

The stage control system provides highly predictable
response of the stage to force commands. The high degree of
predictability allows the estimation of feed-forward forces to
be made with great accuracy.

The actual force required to drive the stage may be
slightly different from the predicted force profile. However,
because of the high servo loop gains (which are also possible
due to the simplicity of the water positioning apparatus and
the absence of low frequency vibration modes), any errors in
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the predicted forces can be corrected with minimal tracking
error. In one example, the required force profile may be
predicted with better than 99 percent accuracy directly from
the feed-forward path. Tracking error multiplied by the
servo loop gain will generate the residual force required to
drive the stage along a prescribed trajectory.

Because the vast majority of the forces (both drive and
force cancellation) are predetermined, very effective force
canceling 1s possible. This high degree of cancellation is
possible without interaction or coupling of the system
dynamics.

The use of the feed-forward model to generate the major-
ity of the drive signal provides good safety. Because the
closed loop servo controller supplies very little force, 1t 1s
possible to set a very tight tolerance on position error. The
tight tolerance on servo error allows faults to be detected and
shutdown procedures to commence before substantial dam-
age can be done to the system or any personnel. It 1s easy to
detect when a maintenance person, for mstance, applies an
external disturbance to the water positioning apparatus such
as via unanticipated touching.

Another advantage of the control architecture 1s the
partitioning of the computation load amongst multiple
processors, such as the trajectory planner and the digital
controller. The digital controller 1s optimized to provide
low-latency (measured in microseconds) computation in a
highly deterministic faction in order to satisfy closed loop
stability criteria. The trajectory planner operates with low
deterministic behavior (latency measured in tens to hundreds
of milliseconds). While a single processor with a suitable
operating system could perform both functions, the partition
facilities using multiple processors with a shared memory
interface between them. This partition allows a dedicated
digital signal processor to be used for the digital controller
and a host with near real-time performance (such as UNIX
or Windows NT) to implement the trajectory planer.

There has been described novel and improved apparatus
and techniques for high-speed precision positioning. The
invention 1s to be construed as embracing each and every
novel feature and novel combination of features present 1n or
possessed by the apparatus and technique herein disclosed.
It 1s also evident that those skilled in the art may now make
numerous uses and modifications of and departures from the
specific embodiments described herein without departing
from the 1mventive concept.

What 1s claimed 1s:

1. A device positioning apparatus comprising

a stage configured to support the device,

a platen supporting the stage,

a plurality of drive motors co-planar with the stage and
arranged around the stage that apply drive forces
directly to the stage without any mechanical contact to
the stage, the drive forces imparting planar motion to
the stage 1n at least three degrees of freedom of motion,

a plurality of fluid bearings operating between the stage
and the platen, the fluid bearings constraining the
planar stage motion 1n all remaining degrees of
freedom,

a controller connected to the drive motors and configured
to control operation of the drive motors, and

wherein each drive motor comprises
a top stationary coil,
a bottom stationary coil, and
a movable magnet adapted to move 1n a gap of prede-
termined length formed in-between the top and bot-
tom stationary coils.
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2. The apparatus of claim 1 comprising three drive motors
symmetrically arranged around the stage, that apply drive
forces 1mparting motions to the stage 1n three 1ndependent
degrees of freedom.

3. The apparatus of claim 1 comprising four drive motors
symmetrically arranged on four opposite sides of the stage,
that apply drive forces imparting motions to the stage in
three 1ndependent degrees of freedom.

4. The apparatus of claim 1 comprising at least three fluid
bearings.

5. The apparatus of claim 1 wherein the fluid bearing
comprises a gas pressurized bearing.

6. The apparatus of claim 1 wherein heat 1s removed from
the top and bottom coils by conduction to a fluid stream.

7. The apparatus of claim 1 further comprising a sub-
frame, wherein the sub-frame supports the top and bottom
colls, and the platen 1s kinematically connected to the
sub-frame so that the coils can change size due to thermal
expansion without applying stresses to the platen.

8. The apparatus of claim 1 wherein the top and bottom
colls are independently driven.

9. The apparatus of claim 1 wherein the movable magnet
comprises a permanent magnet.

10. The apparatus of claim 9 wherein the permanent
magnet comprises an Iron Neodymium Boron magnet.

11. The apparatus of claim 1 wherein the movable magnet
comprises two oppositely magnetized magnets.

12. The apparatus of claim 1 wherein the movable magnet
comprises an electromagnet.

13. The apparatus of claim 1 wherein the stage i1s a
small-motion stage, further comprising a large-motion stage
configured to move on a plane parallel to a plane of motion
of the small-motion movable stage.

14. The apparatus of claim 1 wherein the top and bottom
stationary coils of each motor have larger dimensions than
the movable magnet so that flux lines from the movable
magnet are always fully coupled to the coils throughout the
entire range of motion of the stage.

15. The apparatus of claim 1 further comprising

a force cancellation system configured to apply cancella-
tion forces, co-planar with a center of gravity of the
stage and any components that move with the stage,
that cancel forces on the stage that are generated by the
planar stage motion.

16. The apparatus of claim 15 wherein the force cancel-
lation system comprises a plurality of force cancellation
motors co-planar with the stage and drive motors and
arranged around the stage, that apply cancellation forces to
stationary portions of the device positioning apparatus,
directed opposite to the forces generated by the planar stage
motion.

17. The apparatus of claim 15 wherein the force cancel-
lation system comprises a plurality of movable elements
co-planar with the stage and arranged around the stage,
configured to move 1n opposite direction of the stage, so that
a center of gravity of the stage, any components that move
with the stage, and the movable elements does not move.

18. The apparatus of claim 1 further comprising a position
detector, comprising at least one interferometric encoder
athixed to the stage, that provides a feedback signal to the
controller representing position of the stage.

19. The apparatus of claim 18 further comprising a laser
diode, a collimator, and a detector array.

20. The apparatus of claim 19 wherein an optical path
between the laser diode, collimator, detector array, and the
interferometric encoder 1s enclosed.

21. The apparatus of claim 1 further comprising a position
detector, comprising a laser distance interferometer, that
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provides a feedback signal to the controller representing
position of the stage.
22. The apparatus of claim 1 further comprising;:

a force cancellation system that performs force cancella-
tion with respect to the stage i1n response to force
cancellation commands, and wherein the controller
COMPIISES:

a trajectory planner that receives a description of a desired
trajectory, and produces stage drive commands and
force cancellation commands for the drive motors and
the force cancellation system, respectively, and

a digital controller that receives commands from the
trajectory planner and feedback signals, and compares
the feedback signals to the commands received from
the trajectory planner and generates correction signals
for the drive motors and the force cancellation system.
23. The apparatus of claim 22 wherein the digital con-

troller generates correction signals for the force cancellation
system.

24. The apparatus of claim 22 further comprising a
parameter estimator that receives system state feedback
signals comprising stage position and force cancellation
state feedback, compares them to the desired trajectory, and
derives improved estimates of parameters used by the tra-
jectory planner to generate the commands received by the
digital controller.

25. The apparatus of claim 22 wherein the position
detector comprises position sensors further comprising a
calibration system that measures and corrects geometric
errors 1n the position detector sensors.

26. The apparatus of claim 25 wherein the position
detector sensors are interferometric encoders.

27. The apparatus of claim 22 further comprising vibra-
tion sensors attached to the platen that provide force can-
cellation feedback signals.

28. The apparatus of claim 22 wheremn the trajectory
description comprises trajectory segments that are expressed
in mathematical form with continuous derivatives of posi-
tion and acceleration.

29. A device positioning apparatus comprising,

a stage configured to support the device,

at least one drive motor that provides force directly to the
stage without any mechanical contact to the stage, the
force 1mparting motion to the stage in at least one
degree of freedom,

a force cancellation system configured to apply cancella-
tion forces co-planar with a center of gravity of the
stage and any components that move with the stage, the
cancellation forces cancelling forces generated by pla-
nar motion of the stage,

a controller configured to control operation of the drive
motors and the force cancellation system, and

wherein each motor comprises
a top stationary coil,
a bottom stationary coil, and
a movable magnet adapted to move 1n a gap of prede-
termined length formed 1n-between the top and bot-
tom stationary coils.

30. The apparatus of claim 29, wherein there are at least
three drive motors co-planar with the stage and arranged
around the stage that apply drive forces directly to the
small-motion stage without any mechanical contact to the
small-motion stage, the drive forces imparting planar motion
to the small-motion stage in at least three degrees of free-
dom.

31. The device positioning apparatus of claim 29 further
comprising a platen supporting the stage and a plurality of
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fluid bearings operating between the stage and the platen, the
fluid bearings constraining the planar stage motion 1n all
remaining degrees of freedom.

32. The device positioning apparatus of claim 29 wherein
the stage 1s a small-motion stage, further comprising a
large-motion stage configured to move on a plane parallel to
a plane of motion of the stage.

33. The apparatus of claim 29 wherein the top and bottom
stationary coils of each motor have larger dimensions than
the movable magnet so that flux lines from the movable
magnet are always fully coupled to the coils throughout the
entire range of motion of the stage.

34. The apparatus of claim 29 further comprising a
position detector, comprising at least one interferometric
encoder aflixed to the stage, that provides a feedback signal
to the controller representing position of the stage.

35. The apparatus of claim 29 further comprising a
position detector that provides a feedback signal to the
controller representing position of the stage, and wherein the
controller comprises:

a trajectory planner that receives a description of a desired
trajectory, and produces stage drive commands and
force cancellation commands for the drive motors and
the force cancellation system, respectively, and

a digital controller that receives commands from the
trajectory planner and feedback signals, and compares
the feedback signals to the commands received from
the trajectory planner and generates correction signals
for the drive motors and the force cancellation system.

36. The apparatus of claim 35 further comprising a
parameter estimator that receives system state feedback
signals comprising stage position and force cancellation
state feedback, compares them to the desired trajectory, and
derives improved estimates of parameters used by the tra-
jectory planner to generate the commands received by the
digital controller.

J7. A device positioning apparatus comprising,

a stage configured to support the device,

at least one drive motor that provides force directly to the
stage without any mechanical contact to the stage, the
force 1mparting motion to the stage in at least one
degree of freedom,

a force cancellation system configured to apply cancella-
tion forces co-planar with a center of gravity of the
stage and any components that move with the stage, the
cancellation forces canceling forces generated by pla-
nar motion of the stage, and

a controller configured to control operation of the drive

motors and force cancellation system.

38. The apparatus of claim 37, wherein there are at least
three drive motors co-planar with the stage and arranged
around the stage that apply drive forces directly to the
small-motion stage without any mechanical contact to the
small-motion stage, the drive forces imparting planar motion
to the small-motion stage 1n at least three degrees of free-
dom.

39. A device positioning apparatus comprising,

a stage coniigured to support the device,

at least one drive motor that provides force directly to the
stage without any mechanical contact to the stage, the
force 1imparting motion to the stage in at least one
degree of freedom,

a force cancellation system conifigured to apply cancella-
tion forces co-planar with a center of gravity of the
stage and any components that move with the stage, the
cancellation forces canceling forces generated by pla-
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nar motion of the stage, comprising a plurality of force
cancellation motors co-planar with the stage and
arranged around the stage, that apply cancellation
forces to stationary portions of the device positioning,

apparatus, directed opposite to the forces generated by
the planar stage motion, and

a controller configured to control operation of the drive

motors and force cancellation system.

40. The apparatus of claim 39, wherein there are at least
three drive motors co-planar with the stage and arranged
around the stage that apply drive forces directly to the
small-motion stage without any mechanical contact to the
small-motion stage, the drive forces imparting planar motion
to the small-motion stage 1n at least three degrees of free-
dom.

41. A device positioning apparatus comprising

a stage configured to support the device,

at least one drive motor that provides force directly to the
stage without any mechanical contact to the stage, the
force imparting motion to the stage i at least one
degree of freedom,

a force cancellation system configured to apply cancella-
tion forces co-planar with a center of gravity of the
stage and any components that move with the stage, the
cancellation forces canceling forces generated by the
planar stage motion, comprising a plurality of movable
clements co-planar with the stage and arranged around
the stage, configured to move 1n opposite direction of
the stage, so that a center of gravity of the stage, any
components that move with the stage, and the movable
celements does not move, and

a controller configured to control operation of the drive

motors and the force cancellation system.

42. The apparatus of claim 41, wherein there are at least
three drive motors co-planar with the stage and arranged
around the stage that apply drive forces directly to the
small-motion stage without any mechanical contact to the
small-motion stage, the drive forces imparting planar motion
to the small-motion stage 1n at least three degrees of free-
dom.

43. A device positioning apparatus comprising

a stage configured to support the device,

at least one drive motor that provides force directly to the
stage without any mechanical contact to the stage, the
force imparting motion to the stage i at least one
degree of freedom,

a force cancellation system configured to apply cancella-
tion forces co-planar with a center of gravity of the
stage and any components that move with the stage, the
cancellation forces canceling forces generated by the
planar stage motion, comprising a plurality of movable
clements co-planar with the stage and arranged around
the stage, configured to move 1n opposite direction of
the stage, so that no net torque 1s applied to a center of
oravity of the stage, any components that move with the
stage, and the movable elements, and

a controller configured to control operation of the drive

motors and force cancellation system.

44. The apparatus of claim 43, wherein there are at least
three drive motors co-planar with the stage and arranged
around the stage that apply drive forces directly to the
small-motion stage without any mechanical contact to the
small-motion stage, the drive forces imparting planar motion
to the small-motion stage in at least three degrees of free-
dom.
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45. A device positioning apparatus comprising
a stage coniigured to support the device,

at least one drive motor providing force directly to the
stage without any mechanical contact to the stage, the
force 1mparting motion to the stage in at least one
degree of freedom, the drive motor comprising a top
stationary coil, a bottom stationary coil, and a movable
magnet adapted to move 1n a gap of predetermined
length formed 1n-between the top and bottom stationary
coils;

a controller configured to control operation of the drive
motor, and

a position detector providing a feedback signal to the
controller representing position of the stage, the detec-
tor comprising at least one interferometric encoder.

46. A device positioning apparatus comprising:

a stage configured to support the device;

at least one drive motor providing force directly to the
stage without any mechanical contact to the stage, the
force 1mparting motion to the stage in at least one
degree of freedom;

a controller configured to control operation of the drive
motor;

a position detector providing a feedback signal to the
controller representing position of the stage, the detec-
tor comprising at least one 1nterferometric encoder; and

a force cancellation system co-planar with the stage that
performs force cancellation with respect to the stage
and 1n response to force cancellation commands.

47. A device positioning apparatus comprising:

a stage configured to support the device;

at least one drive motor providing force directly to the
stage without any mechanical contact to the stage, the
force 1imparting motion to the stage in at least one
degree of freedom;

a confroller configured to control operation of the drive
motor;

a position detector providing a feedback signal to the
controller representing position of the stage, the detec-
tor comprising at least one interferometric encoder;

a platen conifigured to support the stage; and

and a plurality of fluid bearings operating between the
stage and the platen, the fluid bearings constraining the
planar stage motion 1n all remaining degrees of free-
dom.

48. A device positioning apparatus comprising

a stage configured to support the device,

at least one drive motor providing force directly to the
stage without any mechanical contact to the stage, the
force 1imparting motion to the stage in at least one
degree of freedom,

a force cancellation system co-planar with the stage that
performs force cancellation with respect to the stage
and 1n response to force cancellation commands, and

a confroller configured to control operation of the drive
motor comprising:

a trajectory planner that receives a description of a
desired trajectory, and produces stage drive com-
mands and force cancellation commands for the
drive motors and the force cancellation system,
respectively, and

a digital controller that receives commands from the
trajectory planner and feedback signals, and com-
pares the feedback signals to the commands received
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from the trajectory planner and generates correction
signals for the drive motors and the force cancella-
tion system.

49. The apparatus of claim 48 wherein the trajectory
planner 1s configured to compensate for phase lag between
the stage drive commands and the force cancellation com-
mands.

50. The apparatus of claim 48 further comprising a
position detector that provides feedback signals to the digital
controller representing position of the stage.

51. The apparatus of claim 48 further comprising a drive
motor controller that provides feedback signals to the digital
controller representing operation of the drive motors.

52. The apparatus of claim 48 further comprising a
vibration sensor that provides feedback signals to the digital
controller representing effectiveness of force cancellation.

53. The apparatus of claim 48 further comprising a
parameter estimator that receives system state feedback
signals from the digital controller comprising stage position
and force cancellation state feedback, compares them to the
desired trajectory, and dertves improved estimates of param-
cters used by the trajectory planner to generate the com-
mands received by the digital controller.

54. A device positioning apparatus comprising
a small-motion stage configured to support the device,
a platen supporting the small-motion stage,

at least three drive motors co-planar with the stage and
arranged around the stage that apply drive forces
directly to the small-motion stage without any
mechanical contact to the small-motion stage, the drive
forces 1mparting planar motion to the small-motion
stage 1n at least three degrees of freedom,

at least three force cancellation motors configured to
apply cancellation forces co-planar with a center of
oravity of the stage and any components that move with
the stage, wherein the cancellation forces are directed
opposite to the forces generated by the planar stage
motion, so that a center of gravity of the stage and any
components that move with the stage does not move,

a controller connected to the drive motors and the force
cancellation motors and configured to control operation
of the drive motors and the force cancellation motors,

at least three fluid bearings operating between the stage
and the platen,

a position detector providing a feedback signal to the
controller representing position of the small-motion
stage, the detector comprising at least three interfero-
metric encoders,

a large-motion stage configured to move on a plane
parallel to a plane of motion of the small-motion stage
and to support semiconductor device processing,
equipment, and

wherein each motor comprises
a top stationary coil,

a bottom stationary coil,

a movable magnet adapted to move 1n a gap of prede-
termined length formed in-between the top and bot-
tom stationary coils, and

the top and bottom stationary coils have larger dimen-
sions than the movable magnet so that flux lines from
the movable magnet are always fully coupled to the
coils throughout the entire range of motion of the
small-motion stage.

55. Amethod of operating a device positioning apparatus,

comprising the steps of:

imparting motion to a large-motion stage that supports
device processing equipment;
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imparting motion to a small-motion stage 1n at least one
degree of freedom, by controlling operation of at least
one drive motor that provides force directly to the
small-motion stage to impart motion to the stage, the
small-motion stage having a trajectory in a plane par-
allel to a plane of motion of the large-motion stage, the
small-motion stage supporting a device to be processed
by the device processing equipment; and

processing the device using the device processing equip-
ment during a cruise-velocity segment of the trajectory
of the small-motion stage.

56. The method of claim 35 wherein the device processing
equipment comprises a laser and the device 1s a semicon-
ductor device.

57. The method of claim 56 wherein the processing
COmprises memory repair.

58. A device positioning apparatus comprising:

device processing equipment;

a large-motion stage configured to the support device
processing equipment and to 1mpart motion to the
device processing equipment 1n a plane of motion;

a small-motion stage configured to support the device and
to 1mpart motion to the device 1n a trajectory 1n a plane
parallel to a plane of motion of the large-motion stage;

at least one drive motor that provides force directly to the
small-motion stage to 1mpart motion to the stage 1n at
least one degree of freedom; and

a controller configured to control operation of the at least
one drive motor so as to impart motion to the small-
motion stage;

the device processing equipment being configured to
process the device during a cruise-velocity segment of
the trajectory of the small-motion stage.
59. A method of operating a device positioning apparatus,
comprising the steps of:

imparting motion to a large-motion stage that supports
device processing equipment so as to cause the device
processing equipment to move with the large-motion
stage;

repositioning a device to be processed by the device
processing equipment by repositioning a small-motion
stage 1n at least one degree of freedom, by controlling
operation of at least one drive motor that provides force
directly to the small-motion stage to reposition the
stage, the small-motion stage being repositioned from

an 1nitial position to a final position 1n a plane parallel
to a plane of motion of the large-motion stage, the
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small-motion stage supporting the device to be pro-
cessed by the device processing equipment; and

processing the repositioned device using the device pro-

cessing equipment.

60. The method of claim 59 wherein the device processing
cequipment comprises a laser and the device 1s a semicon-
ductor device.

61. A method of operating a device positioning apparatus,
comprising the steps of:

imparting motion to a large-motion stage that supports
device processing equipment comprising a laser;

reposifioning a semiconductor device to be processed by
the device processing equipment by repositioning a
small-motion stage 1n at least one degree of freedom,
by controlling operation of at least one drive motor that
provides force directly to the small-motion stage to
reposition the stage, the small-motion stage being repo-
sitioned from an 1nitial position to a final position 1n a
plane parallel to a plane of motion of the large-motion
stage, the small-motion stage supporting the semicon-
ductor device to be processed by the device processing
equipment; and

processing the repositioned semiconductor device using
the device processing equipment, wherein the process-
INg COmMPrises memory repair.

62. A device positioning apparatus comprising:

device processing equipment;

a large-motion stage configured to support device pro-
cessing equipment and to impart motion to the device
processing equipment 1 a plane of motion so as to
cause the device processing equipment to move with
the large-motion stage;

a small-motion stage configured to support the device and
to reposition the device from an 1nitial position to a
final position 1n a plane parallel to a plane of motion of
the large-motion stage;

least one drive motor that provides force directly to the
small-motion stage to reposition the stage in at least
one degree of freedom; and

at

a controller configured to control operation of the at least
one drive motor so as to reposition the small-motion
stage,

the device processing equipment being configured to
process the repositioned device.
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